Exposure of Escherichia coli to H202 leads to two kinetically distinguishable modes of killing: mode I killing occurs maximally near 2 mM H202, whereas mode II killing is essentially independent of H202 concentrations up to 20 mM.
oxidants are resistant to both H202 and ethanol; type III oxidants are sensitive to H202, ethanol, and t-butanol. To explain these results, we hypothesize that type I oxidants are generated upon Fe2+ associated with DNA only through electrostatic interactions and cause mode I killing of E. coli; type II oxidants arise upon Fe2+, which is at least partially baseassociated, and cause mode II killing; type III oxidants arise on Fe2+ free in solution and probably do not cause killing.
Therefore, particular interactions of DNA with transition metals should be considered to be an integral part of the chemistry and toxicity of H202.
Exposure oflogarithmically growing Escherichia coli to H202 leads to two kinetically distinguishable modes of killing: mode I killing occurs maximally at roughly 2 mM H202 and is diminished at higher concentrations, whereas mode II killing is essentially independent of H202 concentrations up to 20 mM (1, 2) . Mode I killing appears to result from DNA damage since mutants that are defective in DNA excision or recombinational repair are especially sensitive to mode I killing and because the kinetics of mutagenesis follow those of killing. Mode II killing is at least partially due to DNA damage, as it is also accompanied by mutagenesis (1) (2) (3) . Mode I killing is blocked when E. coli cells are pretreated with the iron chelators 2,2'-dipyridyl (2,2'-dipy), 1,10- phenanthroline (1,10-phen), or desferrioxamine mesylate (4), indicating that a Fenton reaction might play an important role in the killing of E. coli by H202.
When purified duplex DNA is monitored for the production of single-strand breaks as a function of H202 concentration in the presence of nanomolar amounts of iron (but not copper), essentially the same peculiar dose-response results as noted for the modes I and II killing in vivo are observed-a maximum at low concentrations of H202 accompanied by an independence of H202 concentration at moderate doses (2, 4 but the unusual biphasic dose-response results to H202 observed for both killing and DNA nicking could indicate that there might be at least two types of oxidants. The objective of this study is to further investigate this possibility.
MATERIALS AND METHODS H202 (30% solution) and 2-methyl-2-propanol ("t-butanol") were from Fisher Scientific. FeSO4, 1,10-phen, 4,7-phenanthroline (4,7-phen), 2,9-dimethyl-1,10-phenanthroline (dmphen), and 2,2'-dipy were from Aldrich. Ethanol was from Quantum Chemical (Tuscola, IL). Bacteriophage PM2 DNA labeled with [methyl-3H]thymidine (5) was isolated by detergent and phenol extraction, followed by density gradient centrifugation. The DNA was dialyzed against EDTA for at least 2 days and was not sensitive to H202 alone.
Killing and Mutagenesis Analysis of E. coli. Strain AB1157 (WT) was exposed to H202 for 15 min and then plated. Where indicated, 1 mM 1,10-phen or 1 mM 2,2'-dipy was added to the cells 5 min prior to the challenge with H202.
DNA Nicking Determination. PM2 [3H]DNA cleotide residues) was mixed with 0.8% NaCl/80 nM FeSO4 and 320 nM chelator ethanol and/or H202 as indicated. Reactions were stopped after 7.5 min at 25°C by the addition of catalase at 2 ,g/ml. Nicking of the DNA was quantitated by nitrocellulose filter binding as described (6) .
Other Methods. H202 concentrations were measured by UV absorption at 240 nm by assuming 8240 = 39.4 M-1 cm-1 (7) or by a peroxidase dye assay (8) . Ferrous concentrations were determined by colorimetry with 1,10-phen by assuming that the Fe2+(1,10-phen)3 complex has an E510 = 1.11 X 104 M-1 cm-1 (9 (Fig. 1) . This dose-response result suggests that at least some species of the oxidant(s) is sensitive to H202.
We were able to ascribe inhibition of aniline dye bleaching by higher concentrations of H202 to simple competition between H202 and the dye for -OH (4) in which H202 reacts with -OH to form the less active 'HO2 radical:
H202 + 'OH -* 'HO2 + H20. [2] Abbreviations: 1,10-phen, 1,10-phenanthroline; 4,7-phen, 4,7-phenanthroline; 2,2'-dipy, 2,2'-dipyridyl; dmphen, 2,9-dimethyl-1,10-phenanthroline. ton reactions under conditions that were more complex was added after 7.5 min of reaction at 25°C, and DNA strand breaks than those used in this study, so that we are unable to relate were determined by a nitrocellulose filter binding assay (6) . Data in directly the two studies. However, the species that they the Inset are from the same experiment. It should be emphasized that observed in the presence of phosphate, EDTA, ADP, or in all in vitro experiments, buffers were absent as they could perturb diethylenetriamine pentaacetic acid (DETAPAC) appear to the reaction and buffering was not required due to the low concenbetypes I Killing. The dose-response curve for DNA nicking ( Fig. 1 ) looks remarkably similar to that for cell killing (refs. 1 and However, concentrations of H202 between 3 mM and 50 mM 2; see below), implying that the three types of oxidants may are equally effective at DNA nicking ( Fig. 1) , suggesting the cause DNA damage in vivo, which in turn may contribute presence of one or more H202-resistant oxidants. Therefore, to cell killing. We utilized the iron chelators 2,2'-dipy and while -OH could be one (or all) ofthe H202-sensitive oxidant(s) 1,10-phen to help to relate the types of DNA-nicking causing DNA nicking, it is not the only oxidant present.
oxidants to the two modes of killing. Both 
2,2'-dipy and
Ethanol is an -OH scavenger that reacts at a near diffusion-1,10-phen block mode I killing ofE. coli; however, 2,2'-dipy controlled rate to produce a much less reactive ethanol has no effect on mode II killing, whereas 1,10-phen subradical (10, 11): stantially enhances it (Fig. 3A) . [That the 1,10-phen effect is due to enhancement of mode II killing can be shown by CH3-CH2-OH + -OH -* CH3--CH-OH + H20. [3] effects of starvation, which selectively eliminates mode I killing, and by studies with mutant strains that are particEthanol was used to dissect further the oxidants formed by ularly sensitive to mode I killing (unpublished result).]
the Fenton reaction in the presence of DNA. When 17 AM Analogous effects of chelators are obtained when scoring ethanol was added to DNA damaging reactions with Fe2+/ mutagenesis (Fig. 3B ). H202, 30-50% of the nicking was inhibited at all H202
The effect of these chelators on DNA nicking by Fe2+/ concentrations (Fig. 1) . We define those DNA-damaging H202 in vitro was then investigated (Fig. 4) . As and only 50% additional inhibition at the lower concentra-
The peak of DNA nicking observed at low H202 concentions ( Fig. 1) . Ethanol at 10 mM should easily have quenched trations can be totally eliminated by the presence of 2,2'-dipy all free 'OH, § so there must be (an) oxidant(s) with properties or 1,10-phen plus ethanol to totally quench types I and III different from free -OH. oxidants (Fig. 4) . When 2,2'-dipy and 100 mM ethanol were Between 10 mM and 100 mM ethanol, further inhibition present, moreover, nicking was constant between 0.5 mM was observed, but only with H202 concentrations below 3 and 50 mM H202 at a level of t50% that without ethanol. This mM (Fig. 1) . We define these oxidants, which are sensitive to result indicates that types I and III oxidants have been H202 (i.e., able to nick DNA only at the lower H202 coneliminated and only the type II oxidants are damaging DNA. centrations) but moderately resistant to ethanol, as type I.
Presumably, ethanol effectively scavenged the type III oxiThe oxidants that give rise to nicking that is resistant dants, while 2,2'-dipy perturbed the Fe2+ ions that form type between 0.1 mM and 50 mM H202 and to 100 mM ethanol I oxidants but had no observable effect upon Fe2+ ions that (Fig. 1) we define as type II. The three types of the Fenton give rise to type II oxidants. In contrast, 1,10-phen (but not 4,7-phen) enhanced by -6-fold the H202-and ethanol§The rate constants for depletion of -OH by reactions 2 and 3 are 2.7 resistant DNA nicking by type II oxidants (Fig. 4) , reflective x 107 M-ls-1 and 1.8 x 109 M-1"s-1, respectively (10-12). Asof the enhancement of mode II kllling and mutagenesis by this suming that the rate constant is 4.7 x 109 M-1s-1 for the reaction intercalating chelator (Fig. 3 ). In conclusion, the effects upon of hydroxyl radical with DNA (13), in the presence of 17 ,uM DNA nicking in vitro by both chelators (Fig. 3) are remarkethanol, -50o of the DNA nicking is expected to have been ably similar to the inhibitions and enhancement observed inhibited at -1 mM H202 if the oxidant were -OH: 4.7 x 109 x 17 upon killing in vivo (Fig. 3) when FeSO4 is added, >1 nick per 100 Fe2+ ions results, a level too high to be attributed to contaminating Cul+ in the FeSO4 reagent, which contains <0.05% contaminating Cu. In addition, contaminating Cu from NaCl or other reagents used to prepare the DNA would most likely be in the Cu2+ state, and no reducing agent such as ascorbate was present to form Cu'+. Finally, dmphen, a specific copper chelator, had no similar enhancing (or inhibitory) effect (Fig. 5) .
A Hypothetical Model to Explain the Peculiar DoseResponse Observations. Fig. 6 and Table 1 DNA bases and by electrostatic interactions with the anionic phosphate backboneAl The oxidants produced from these ferrous ions would be intimately associated with DNA and thus both ethanol-and H202-resistant; they would be type II oxidants. Overall 1,10-phen would, therefore, enhance mode II killing at the expense of mode I killing and have analogous effects upon nicking. Along the same lines, 2,2'-dipy would also bind to Fe2+ that flows around the polyanionic DNA backbone, hence removing that ion from the "polycationic cloud." However, 2,2'-dipy does not intercalate into DNA, so it effectively puts these iron ions into solution and eliminates mode I killing and the homologous DNA nicking. None of the iron coordination sites in a Fe2+(2,2'-dipy)3 complex is available to H202, so that no oxidants can be generated from this chelator-Fe complex (16) . However, since H202 reacts with the small amount of free Fe2+ in solution, the dissociation of the Fe2+(2,2'-dipy)3 is driven by the presence of H202 and the type III ethanol-sensitive oxidants are observed (Fig. 4) One would predict, based on the above models, that the formation of type I but not type II oxidants might be reduced ifthe ionic strength were increased with nontransition metals, as these cations would compete with Fe2+ ions to bind to or surround the polyanionic DNA helix. Indeed this is the case with Mg2+ (Fig. 7) , which interacts preferentially with DNA phosphates and not bases (17 low H202 concentrations is observed with NaCl up to 120 mM (data not shown). I I
In conclusion, H202 dose-response results for killing and DNA damage are similarly complex and can be ascribed to different types of oxidants formed by the Fenton reaction in the presence of DNA. Our hope is ultimately to be able to define structurally types I and II oxidants that occur in vitro and in vivo. Such oxidants may be chemically distinct or may be distinguished only by their accessibility to exogenous reductants such as ethanol. In this regard, it will be significant to know whether these oxidants continue to fall into three general types: type I, which are formed on iron ions chelated to anions such as DNA phosphates, nucleotide phosphates, or EDTA (10, 18); type II, which are formed on iron ions associated with ring nitrogens that are present on anionic molecules; type III, which are formed on free Fe2+. We have already observed that Fenton oxidants formed in the presence of deoxynucleosides are of types I and III, but those formed in the presence of dNMPs are of types I, II, and III. Interestingly, oxidants formed in the presence of NADH are uniquely type II (Y.L. and S.L., unpublished data). Such information should be ofgreat value in designing drugs for the treatment of degenerative diseases that are associated with oxidative damage.
